INTRODUCTION
============

Acute kidney injury (AKI) is a common condition in critically ill patients and known to be associated with increased mortality.[@B1],[@B2] Sepsis is the systemic inflammatory response to infection, and one of the most common contributing factors in AKI of critical illness.[@B3] Previous studies of septic AKI noted that about 60% patients with septic shock developed AKI and found a higher mortality and longer duration of hospital stay in patients with AKI compared with patients without AKI.[@B4],[@B5]

Distinctive clinical features of AKI of septic etiology have been elucidated in recent studies,[@B3]-[@B6] which implies that a unique pathogenesis contributes to the development of septic AKI.[@B7]-[@B10] Although recent advances in understanding of pathophysiology of septic AKI have been achieved, because of its complexity and multifactorial character, effective management for septic AKI is limited to fluid resuscitation and antibiotics.

According to the risk, injury, failure, loss of function, and end-stage renal disease (RIFLE) criteria,[@B11] AKI is defined by serum creatinine levels and urine output. Although small changes in serum creatinine or acute reduction in urine output can be used in the diagnosis of AKI, these changes are often evident after the chance of effective management for renal protection has already passed. A previous prospective multicenter study reported the delayed onset of AKI of septic origin compared with AKI of non-septic origin.[@B12] The recognition of high-risk patients for development of septic AKI is important because early interventions may improve the clinical course.

Considering its high prevalence and clinical significance, the clinical aspects of AKI in sepsis and septic shock patients should be further elucidated. Therefore, the present study aimed to investigate the clinical characteristics of AKI in patients with sepsis and septic shock and clinical risk factors of AKI in patients with septic condition. In addition, whether AKI increased the mortality and, if so, how the severity of AKI affected the clinical outcomes was analyzed.

MATERIALS AND METHODS
=====================

Study population
----------------

We retrospectively analyzed the data of all the adult patients (\>18 years of age) who visited the Emergency Department of Chonnam National University Hospital from January to December 2010 ([Fig. 1](#F1){ref-type="fig"}). The protocol and consent forms of this study were reviewed and approved by the Institutional Review Board of Chonnam National University Hospital (CNUH-2012-114). Informed consent was exempted by the board because this was a retrospective study of collected data. Among 5680 patients, those with sepsis and septic shock on arrival at the hospital were enrolled in this study for further investigation. In the event of multiple admissions, only the initial admission was considered to avoid bias. Those with end stage renal disease (ESRD) on chronic renal replacement therapy were also excluded.

We recorded pulse rate (PR), mean arterial pressure (MAP), and laboratory findings at the diagnosis of sepsis or septic shock. Other variables included age, gender, body mass index (BMI), length of stay in intensive care unit (ICU) and hospital, and source of infection. To investigate the underlying condition that might affect the development of AKI, history of smoking and/or alcohol consumption, and pre-existing diabetes mellitus (DM), hypertension (HTN), and chronic kidney disease (CKD), which was defined as estimated glomerular filtration rate (GFR) \<60 milliliters per minute per 1.73 m^2^ for more than 3 months, were checked. The abbreviated Modification of Diet in Renal Disease formula was used to estimate GFR in milliliters per minute per 1.73 m^2^ from the baseline serum creatinine level.[@B13]

The use of agents that may alter renal function were reviewed, which included angiotensin converting enzyme inhibitor (ACEI) or angiotensin receptor blocker (ARB), statins, aminoglycosides, non-steroidal anti-inflammatory drugs (NSAIDs), and intravenous contrast media. Acute Physiologic and Chronic Health Evaluation (APACHE) III scores[@B14] at the diagnosis of sepsis or septic shock were calculated to assess the severity of illness.

Sepsis and septic shock was defined according to the American College of Chest Physicians/Society of Critical Care Medicine consensus conference criteria.[@B15] Among patients with a proven or suspected infection, those with the two or more systemic inflammatory response syndrome (SIRS) criteria were classified as having sepsis. Briefly, SIRS is manifested by the following features: 1) body temperature \>38℃ or \<36℃; 2) PR \>90 beats per minute; 3) respiratory rate \>20 breaths per minute or PaCO~2~ \<32 mm Hg; and 4) white blood cell count \>12000/mm^3^, \<4000 mm^3^ or \>10% band forms. Among patients with sepsis, septic shock was defined as a systolic blood pressure \<90 mm Hg or a reduction of ≥40 mm Hg from the baseline despite adequate fluid resuscitation.

Definition and staging of AKI
-----------------------------

Definition and staging of AKI was determined based on the worst of either creatinine or urine output criterion during hospital stay. Urine output was hourly measured during ICU stay. The cutoffs for AKI were based on the RIFLE criteria as meeting one of the following criteria: a decrease in GFR ≥25% or an increase in creatinine ≥50% (1.5 times) from baseline in a 48-hour time frame, or a reduction in urine output with documented oliguria of ≤0.5 mL/kg per hour for ≥6 hours. Patients were divided into three groups according to the RIFLE criteria (stage-1, -2 and -3).[@B11] When a patient\'s condition met the aforementioned criteria, the patient was classified as stage 1 AKI. In the case of more severe derangement, i.e., a decrease in GFR ≥50% or an increase in creatinine ≥100% (2 times) from baseline in a 48-hour time frame, or a reduction in urine output with documented oliguria of ≤0.5 mL/kg per hour for ≥12 hours, stage 2 AKI was defined. Stage 3 AKI was defined as follows: a decrease in GFR ≥75% or an increase in creatinine ≥200% (3 times) from baseline in a 48-hour time frame, or a reduction in urine output with documented oliguria of ≤0.3 mL/kg per hour for ≥24 hours or anuria for ≥12 hours. Serum creatinine ≥4.0 mg/dL with acute increase of ≥0.5 mg/dL was also defined as stage 3 AKI.

Statistical analysis
--------------------

Analyses were performed using SPSS 18.0.0 (SPSS Inc., Chicago, IL, USA). In the event of missing data values, data were not replaced. Normally or near normally distributed variables are reported as mean with standard deviations and compared using Student\'s t-test, analysis of variance. Non-normally distributed continuous data are reported as medians with interquartile ranges and compared using Mann-Whitney U test and Kruskal-Wallis test. Categorical data were reported as proportions and compared using Fisher\'s extact test or chi-square test where appropriate. Multivariable logistic regression was used to assess the risk factors for the development of septic AKI. Calibration of the model was assessed by the Hosmer-Lemeshow goodness of fit statistic for significance (*p*\>0.05). Odds ratios (OR) and 95% confidence intervals (CI) were calculated. A *p* value \<0.05 was considered statistically significant.

RESULTS
=======

Demographic data
----------------

Among 992 patients with sepsis and septic shock, 573 patients developed AKI ([Table 1](#T1){ref-type="table"}). According to the RIFLE criteria, 277 patients (48.3%) were subdivided into stage 1 AKI, 182 (31.8%) into stage 2 AKI, and 114 (18.9%) into stage 3 AKI ([Fig. 1](#F1){ref-type="fig"}). The renal replacement therapy was required in a total of 40 patients with AKI. Most patients (n=32) were stage 3 AKI, and the rest (n=8) were stage 2 AKI. The mean age of patients with septic AKI was significantly higher than that of patients without AKI (*p*\<0.001). Patients with AKI were more likely male (*p*=0.019). DM (*p*=0.003) and HTN (*p*\<0.001) were more frequently associated with the development of septic AKI, whereas there were no significant differences in BMI and history of smoking and alcohol consumption. Those who developed AKI had higher baseline serum creatinine levels (*p*\<0.001) and lower GFR (*p*=0.002) than those who did not developed AKI. Accordingly, the prevalence of pre-existing CKD was significantly higher in AKI group (*p*\<0.001). Primary infection foci, such as heart, repiratory tract, urinary tract, or intra-abdomen, were investigated assuming upper urinary tract infection might show the higher frequency of AKI since it could directly damage kidneys. However, it did not affect the development of AKI (data not shown). Among medications that might affect the renal function, ACEI/ARB (*p*\<0.001) and statins (*p*=0.004) were more frequently used in AKI group. Although the percentage of patients who used aminoglycosides and NSAIDs was higher in AKI group, there was no statistical significance. In contrast, patients who developed AKI were less likely to be exposed to contrast media (*p*\<0.001). This might be explained by the differences in the baseline serum creatinine levels and GFRs between the groups with AKI and without AKI. It could be assumed that physicians were reluctant to use the clearly nephrotoxic agent in the evaluation of infection focus in patients with renal dysfunction.

Laboratory findings
-------------------

The patients who developed AKI showed more severe physiologic and laboratory disturbances ([Table 2](#T2){ref-type="table"}). The frequency of septic shock was significantly higher in the patients with AKI than were those without AKI (*p*\<0.001). Accordingly, MAP was lower in the AKI group (*p*\<0.001). Patients with AKI had a more severe illness with higher APACHE III scores than patients without AKI had (*p*\<0.001). White blood cell (WBC) (*p*=0.023) and platelet (*p*=0.004) counts were significantly lower in AKI group. The other physiologic and laboratory data collected in this study indicated the tendency of more evident clinical deterioration among patients who developed AKI, although this was not statistically significant. One notable finding is that positive blood culture results were more frequent in patients with AKI (*p*\<0.001). Gram negative bacilli (*p*\<0.001) and fungi (*p*=0.023) were more frequently identified in the blood cultures from the patients who developed AKI.

Risk factors for the development of AKI
---------------------------------------

Multivariable logistic regression analysis was performed to determine the risk factors for the development of septic AKI ([Table 3](#T3){ref-type="table"}). Variables, which were associated with *p*\<0.1 in the univariate analysis and/or clinically plausible, were included in this model. After adjustment of confounders, the development of septic AKI was independently associated with age (OR 1.028 per every 1 year increment, 95% CI 1.016 to 1.041; *p*\<0.001), pre-existing CKD (OR 2.398, 95% CI 1.301 to 4.420; *p*=0.005), use of ACEI or ARB (OR 2.064, 95% CI 1.214 to 3.510; *p*=0.007), presence of septic shock (OR 8.207, 95% CI 4.678 to 14.400; *p*=0.001), positive blood culture result (OR 1.777, 95% CI 1.123 to 2.812; *p*=0.014), and lower WBC and platelet counts (OR 0.971 per every 1/mm^3^ decrement, 95% CI 0.949 to 0.993; *p*=0.011 and OR 0.995 per every 1/mm^3^ decrement, 95% CI 0.997 to 1.000; *p*=0.016, respectively). Other variables included in multivariate analysis, such as BMI, male sex, previous history of diabetes or hypertension, and medication history of statins, were not independently associated with the development of septic AKI. Unexpectedly, APACHE III score was not statistically significant with septic AKI in this study.

Clinical outcomes
-----------------

The development of septic AKI was associated with poor clinical outcomes ([Table 4](#T4){ref-type="table"}). Hospital mortality was significantly higher in patients with AKI (*p*\<0.001). Length of stay in the hospital and ICU was longer for patients who suffered AKI (*p*\<0.001). We further investigated whether the severity of AKI affected the 30-day mortality ([Fig. 2](#F2){ref-type="fig"}). Crude Kaplan-Meier survival curves demonstrated a reduced survival rate that was significantly associated with the severity of AKI (log-rank test, *p*\<0.001).

DISCUSSION
==========

Among 992 patients with sepsis and septic shock, 573 (57.7%) developed AKI defined by RIFLE classification. The risk factors for AKI in septic patients were older age, presence of previous CKD, presence of shock, positive blood culture results, previous medication of ACEI/ARB, and lower WBC and platelet counts. The development and severity of AKI was associated with the increased mortality and length of hospital/ICU stay. Additionally, crude 30-day survival decreased as the severity of AKI increased.

AKI is more frequently observed in patients with sepsis and septic shock than in patients with other conditions.[@B3] The present study showed that among 992 patients with sepsis and septic shock, 573 (57.7%) developed AKI defined by RIFLE classification. These findings are consistent with the previous data. An observational cohort study of 390 patients with septic shock in a single center ICU for about 2 years reported nearly 2 out of 3 patients experiencing AKI.[@B4] In a recent retrospective multicenter study of 4532 patients with septic shock, a similar percentage of patients (64.4%) developed AKI.[@B5]

In this study, AKI was more frequently accompanied by older age, and male or female predominance was not observed. It is controversial whether these demographic differences actually affect the development of septic AKI. In a previous study conducted in Australia, septic AKI was more prevalent in the older patients.[@B16] In the present study, multivariable logistic regression analysis showed that sex predilection was not a risk factor for the development of septic AKI. Another study of AKI in septic shock, however, conducted in Germany, showed male dominance in the development of AKI in patients with severe sepsis and septic shock,[@B5] where older patients were more likely to experience AKI in this study. In contrast, no significant differences were observed in the age and frequency of male sex between the patient groups with or without AKI in a more recent study.[@B4] Despite some discrepancies among studies, more careful approaches to kidney protection are required in the management of older aged patients with sepsis and septic shock.

We proved that pre-existing CKD is one of the risk factors for the development of AKI, which was also found in previous studies. In a previous study, which enrolled the patients with severe sepsis and septic shock, the frequency of pre-existing CKD was significantly higher among those who developed AKI, although multivariable analysis for the risk factors of septic AKI was not conducted in that study.[@B7] However, another study, which only analyzed patients with septic shock, noted decreased baseline GFR as an independent risk factor for development of AKI in the population.[@B5] Our results indicate that a history of CKD is one risk factor among patients with severe sepsis and septic shock, as well as non-severe sepsis.

The pathophysiology of septic AKI, although still not firmly established, is considered different from AKI of other etiologies. It is generally understood that systemic hypotension would deteriorate renal blood flow, which might be a major cause of the renal injury in septic patients. Other studies of septic AKI documented the longer duration of hypotension before hemodynamic resuscitation was associated with higher incidence of AKI.[@B5],[@B17] In accordance of these findings, we noted that the presence of shock was one of the risk factors of septic AKI.

High incidence of AKI in patients with sepsis, but without shock, however, cannot be explained with decreased renal blood flow alone. In their experimental animal study, Langenberg, et al.,[@B10] found AKI in septic shock mainly affected by dysfunction of the renal vascular bed rather than systemic hypotension and renal hypoperfusion. In their study, fluid resuscitation and maintenance of renal perfusion did not prevent the deterioration of GFR.[@B10] In contrast, recovery from sepsis resulted in the normalization of GFR.[@B10] This implies the development of AKI involves inflammatory/immunologic mechanisms. Interestingly, in this study, a higher percentage of positive blood culture results were observed in patients with AKI. A similar finding was previously observed.[@B4] It could be postulated that uncontrolled infection would lead to more intense immunologic responses, resulting in renal dysfunction. The present study showed that gram negative bacteremia was more prevalent in patients with AKI. Gram negative bacilli are well-known sources of the endotoxin, which exerts nephrotoxicity. Our findings further support the notion that the development of septic AKI is not solely affected by hemodynamic instability. Whether the early and adequate administration of antibiotics prevents the development of septic AKI needs to be further elucidated.

Considering the pathogenesis of septic AKI, it is not surprising the use of ACEI/ARB affects renal injury in septic patients.[@B18],[@B19] ACEI/ARB are known to decrease the intraglomerular pressure in normal subjects. This action mechanism might be hazardous in sepsis and septic shock, in such conditions where renal blood flow are prone to decrease, resulting in further decrements of intraglomerular pressure and GFR.

An interesting finding is low WBC and platelet counts were associated with septic AKI. Although higher WBC counts were observed in the septic AKI group when compared the patients with septic and nonseptic AKI in a previous study,[@B16] lower WBC counts were strongly associated with the AKI among septic patients in our study. Moreover, low platelet counts in septic AKI patients are consistently observed in the previous studies on septic AKI.[@B3],[@B4],[@B6] A possible explanation is a more severe inflammatory response might contribute to the development of AKI. It is known that the secretion of pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, is increased in the initial stage of sepsis, followed by activation of anti-inflammatory mechanisms.[@B20]-[@B22] In a recent study from an experimental sepsis model, the pattern of serum cytokine levels was associated initial leukopenia and prolonged thrombocytopenia.[@B23] Therefore, AKI in sepsis is not solely affected by hemodynamic changes, lower WBC and platelet counts might indicate more severe immunologic responses subsequently leading to AKI.

Our data clearly suggest the crude 30-day mortality increases as the severity of AKI increases in patients with sepsis and septic shock. It has been elucidated from other previous studies that AKI remains one of the independent risk factors of adverse clinical outcomes even after the adjustment of covariates.[@B3],[@B6] Because the development of septic AKI is linked to the increased mortality, patients at a high-risk for septic AKI should be carefully assessed so that nephrotoxic agents or procedures that could be harmful to renal function could be avoided at the initial stage of sepsis management.

There are limitations to our study. First, this study is a retrospective and is potentially susceptible to several forms of bias. Second, our data were collected in a single university hospital. The incidence and severity of diseases might be biased. Third, duration of follow-up was short. We could not assess patients with more severe AKI, such as those who might be classified to loss or ESRD stage according to RIFLE criteria. We also could not investigate the effect of septic AKI on long-term survival. Despite these demerits, our study has some advantages. First, we reviewed a relatively large number of medical records. Second, we revealed various risk factors associated with the development of septic AKI, some of which are of novel. The possible link between gram negative bacteremia and septic AKI was, to our best knowledge, not previously reported. However, the underlying mechanism and specific micro-organism identified by blood culture were not investigated in this study, which remains to be further elucidated.

In conclusion, AKI developed in more than half of patients with sepsis and septic shock. Old age, pre-existing CKD, presence of shock, positive blood culture results, use of ACEI/ARB, and low WBC and platelet counts were associated with an increased risk for the development of septic AKI. The development of septic AKI adversely affected clinical outcomes. Moreover, the severity of AKI was associated with increased short-term mortality.
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Demographic Data and Characteristics of Sepsis and Septic Shock Patients
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AKI, acute kidney injury; BMI, body mass index; DM, diabetes mellitus; HTN, hypertension; GFR, Glomerular filtration rate; CKD, chronic kidney disease; NSAIDs, non-steroidal ant-inflammatory drugs; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker.

Values are presented as n (%), unless otherwise indicated.
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Physiologic and Laboratory Data on Admission
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AKI, acute kidney injury; APACHE III, Acute Physiology & Chronic health Evaluation III; MAP, mean arterial pressure; WBC, white blood cell; BUN, blood urea nitrogen.

Values are presented as median (interquatile range), unless otherwise indicated.
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Risk Factors for Development of AKI in Patients with Sepsis and Septic Shock
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AKI, acute kidney injury; OR, odds ratio; CI, confidence interval; BMI, body mass index; CKD, chronic kidney disease; DM, diabetes mellitus; HTN, hypertension; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; WBC, white blood count; APACHE III, Acute Physiology & Chronic health Evaluation III.
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Clinical Outcomes
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AKI, acute kidney injury; LOS, length of stay; ICU, intensive care unit.

Values are presented as mean±SD, unless otherwise indicated.
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